Introduction
Iron deficiency enhances absorption of dietary iron in several mammalian species 1, 2 , via a host of genetic and morphological adaptations intended to maximize extraction of iron from the diet. Several key genes encoding iron transport related proteins are strongly induced during iron deprivation [3] [4] [5] , some by post transcriptional stabilization of mRNA transcripts 6 , and others via transcriptional induction mediated at least in part by a hypoxia responsive trans-acting factor, HIF2α 7, 8 . In addition, genes related to intestinal copper homeostasis are induced during iron deprivation in rats 4, 9 , suggesting that copper is important in the physiological response of the intestinal epithelium to iron deficiency. Copper levels are known to increase in the liver and serum of iron deficient mammals [10] [11] [12] , further hinting at an important physiological role for copper during iron deprivation.
The best known links between iron and copper are the multi-copper ferroxidases ceruloplasmin (Cp) and hephaestin (Heph). Cp is a liver derived, circulating protein that is important for iron release from certain tissues, as evidenced by the iron overload phenotype in humans that lack ceruloplasmin 13 . Although Cp contains the predominance of serum copper in many species, the lack of Cp does not lead to perturbations in copper homeostasis, rather exerting preferential effects on iron metabolism 14 . Heph has a highly similar functional (ferroxidase) domain, but also has a single transmembrane segment that presumably anchors it to the plasma membrane of certain cells. Heph is expressed in several tissues, with high expression levels in the basolateral membranes of enterocytes of the proximal small intestine 15 [17] [18] [19] .
The current investigation was undertaken to further explore the potential influence of copper on homeostatic processes related to dietary iron absorption and test hypotheses on the mechanism for such an influence. As previous studies suggested that Heph is not strongly regulated during iron deficiency 20 , Cp is the focus of the current study. Since Cp is a copper dependent enzyme, the design was to determine if Cp expression or activity increased during conditions in which liver copper loading occurs, such as during iron deficiency or when increased dietary copper is consumed. Weanling rats were thus placed on control or low Fe diets containing variable copper levels (high, normal, low). After ~5 weeks on the diets, animals were killed and various parameters of iron and copper homeostasis were measured, including Cp mRNA and protein expression, and serum ferroxidase activity. Results showed notable effects of iron deprivation and high copper intake on Cp protein expression and serum ferroxidase activity in the absence of alterations in Cp mRNA levels, implicating a post transcriptional molecular mechanism.
Materials and Methods

Chemicals, reagents and qPCR primers. Chemicals were obtained from Sigma Aldrich and
Fisher Scientific, and were of analytical grade or high purity. qPCR primers were from IDT, Coralville, IA. Other sources are mentioned as appropriate.
Animals and diets. All animal studies were approved by the Institutional Animal Care and Use
Committee of the University of Florida. Weanling, male Sprague-Dawley rats were purchased
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From from Harlan (Indianapolis, IN) and were raised in overhanging, wire mesh-bottomed cages under 12-hr dark/light cycle and killed between 9-11 a.m. to minimize diurnal variation. 24 animals were utilized in the first study (4 on each dietary treatment) and then a separate 24 animals were utilized in a subsequent study. For some analyses reported herein, the n is < or >8. When it is lower, insufficient sample quantity was obtained to measure the desired parameter. When n is >8, additional samples were included that were derived from rats under the exact same dietary protocol and at the exact same ages, otherwise used in an independent investigation that was parallel for the parameter in question. All analyses were done on individual animals. The animals had free access to food and iron-and copper-free water. The experimental design consisted of six different AIN-93G based diets (Dyets, Inc., Bethlehem, PA). The diets were identical except for having variable Fe and Cu levels. The diets and the corresponding groups of rats consuming them were designated as follows: Control (Ctrl), Fe Deficient (FeD), Copper Deficient (CuD), Fe and Cu Deficient (FeDCuD), Copper Extra (CuE) and Fe Deficient, Copper Extra (FeDCuE). All diets with normal iron levels (Ctrl, CuD, CuE) were modeled after standard rodent chows to contain ~200 ppm iron (added as ferric citrate). Low Fe diets (FeD, FeDCuD, FeDCuE) contained <9 ppm iron. All normal copper containing diets (Ctrl, FeD) contained ~6 ppm Cu, low Cu diets (CuD, FeDCuD) contained ~1 ppm Cu and the extra copper diets (CuE, FeDCuE) contained ~28 ppm Cu. Animals were placed on each diet for 32-35 days. At the end of the feeding regime, rats were anesthetized by CO 2 exposure and killed by cervical dislocation.
Blood was collected by cardiac puncture and transferred to pre-chilled polypropylene tubes.
After one hour to allow for clotting, the tubes were centrifuged at 1,500 x g for 15 min at 4° C.
The supernatants (sera) were separated and stored at 4° C and used for Cp enzyme activity assays Hemoglobin (Hb) and hematocrit (Hct) were measured in house using a HemoCue hemoglobin analyzer (Hemocue AB, Sweden), and a Readacrit hematocrit system (Clay Adams, NJ), following the manufacturers' instructions.
Real-Time PCR. Total RNA was purified from rat liver and enterocytes by the TRIzol® reagent method (Invitrogen, Carlsbad, CA) and qRT-PCR was performed as previously described 21 .
Briefly, one µg of RNA was converted to cDNA with the Bio-Rad iScript cDNA synthesis kit, in a 20 µl reaction. One µl of the cDNA sample was subjected to PCR amplification using 10 µl of SYBR Green master mix (Bio-Rad) and 0.75 µl (0.25 pM) of each forward and reverse, genespecific primer (sequences listed in Supplemental Table 1 ), in a 20 µl reaction. Primers were designed to span large introns to eliminate amplification from genomic DNA. Reactions were run in 96-well plates on a Bio-Rad iCycler C1000 with the following cycling parameters: 95° C for 3 min, then 39 cycles with 95° C for 10 s and 58° C for 30 sec. A melt curve was routinely Earlier reports have used longer times such as 90 minutes and even up to 3 hours to measure serum Cp activity 23, 25 . The reaction was stopped by addition of NaN 3 to a final concentration of 10 mM, mixed, and absorbance was read at 530 nm in a Beckman DU 640 spectrophotometer.
Blank (complete reaction buffer devoid of serum, i.e., enzyme source) readings were subtracted from sample readings. Ferrozine (Fz) assay: The reaction conditions were as mentioned above
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Cp).
Statistical Analysis. Each group had a minimum of eight rats, although in some cases data are reported for different numbers for reasons explained above. Results are expressed as mean ± SD.
Outliers in each group were determined by GraphPad outlier calculator (http://www.graphpad.com/quickcalcs/Grubbs1.cfm) and eliminated from subsequent analyses.
The data were analyzed by descriptive statistics, one-way ANOVA followed by Tukey's multiple comparison test and Pearson correlation coefficient using SPSS version 19.0 and GraphPad Prism (San Diego, CA) software. p < 0.05 was considered statistically significant.
Liver copper was normalized by log transformation prior to Pearson correlation coefficient analysis to correct for skewed distribution. In all bar graphs, data with different letters are statistically different from one another and those that share a letter are not statistically different from each other.
Results
Dietary feeding strategy.
The dietary feeding regime used in this study was developed over several years, a time period when numerous dietary iron and copper deprivation studies were performed in Sprague Dawley rats 3, 4, 21 . These studies showed that diets containing <10 ppm Fe lead to severe iron deficiency anemia and that diets containing ~1 ppm copper resulted in notable symptoms of copper deficiency. Moreover, we found that feeding weanling rats (~21 days-ofage) these deficient diets for a minimum of 30 days led to maximal effects on various iron and copper related parameters. The dietary feeding regime used for this investigation was successful at meeting the following goals: 1) rats consuming Fe deficient diets were severely iron deficient, 2) rats consuming low Cu diets were severely copper deficient and 3) rats consuming extra copper containing diets showed increased body copper content. The data supporting these statements are delineated throughout the Results section below.
Iron and copper levels in rat sera and liver. Hepatic and serum iron levels were reduced 80-90% in the three groups consuming iron deficient chows (p<0.05 as compared to control values) ( Figure 1 ). Hepatic iron increased in the CuD group (53%; p<0.001), while it was not different from controls in the CuE group. Serum iron decreased in the CuD group (51%; p<0.001) but no change was noted in the CuE group. Serum copper levels were significantly decreased in rats consuming the low Cu diets (~95%; p<0.001), while although hepatic copper levels were decreased by ~70% in the same dietary groups, the difference did not reach statistical significance (i.e. p>0.05). Furthermore, a trend towards increased liver copper was apparent in the FeD and CuE groups, but again, statistical significance was not achieved due to large variation between individual rats. Serum copper was notably higher in the rats consuming higher copper diets (CuE and FeDCuE groups; 65-70%, p<0.001) and in FeD group (~40%, p<0.05) all as compared to controls.
Hematological status as a function of diet. The effects of varying the iron and copper content of the diets were even more apparent when hematological parameters were considered (Table 1) .
Hb in the FeD and FeDCuD groups was decreased ~85% (p<0.001), while Hb was also significantly decreased in the FeDCuE group (~50%; p<0.001), all as compared to controls. Hb in the CuD group was reduced ~60% (p<0.001) while the CuE diet had no effect on Hb levels (both compared to controls). Hct levels followed a similar trend with significant decreases seen in the FeD and FeDCuD groups (~70%, p<0.001), with a less severe decrease noted in the FeDCuE group (32%, p<0.001). Hct was reduced less in the CuD group as compared to the reduction seen in the FeD group (51%, p<0.001), and no change was noted in the CuE group (as compared to controls).
Expression of Cu homeostasis-related genes in liver.
As hepatic iron and copper levels are modulated by various transporters and metal binding proteins, we considered that changes in expression of the genes encoding these proteins could reveal mechanistic insight into the inverse relationship between iron and copper during states of deficiency. qRT-PCR analysis of hepatic genes related to copper (and Fe) homeostasis was thus done in all rats from the 6 dietary groups.
No differences were noted among the dietary groups for the following genes: Atp7a, Atp7b, Ctr1, Mt1a and Vegf (data not shown), or Cp (Figure 2 ). Hamp and Ankrd37 did however show significant differences between groups (Figure 2) . Hamp (hepcidin) mRNA expression was significantly reduced in the FeD, CuD, FeDCuD and FeDCuE groups compared to controls, while Ankrd37 was increased in the FeD and FeDCuD groups.
Quantification of immunoreactive ceruloplasmin protein levels. Given the striking changes in serum Cu (Fig. 1) and the high proportion of serum Cu that Cp represents, we asked if Cp reflected serum Cu changes. Serum Cp levels were thus quantified from individual rats in the Figure   3 , along with quantitative data from all animals studied. Cp was detected in all 6 experimental groups, but both groups consuming low copper (CuD and FeDCuD) showed a significant decrease compared to controls (~70% reduction; p<0.001). Dietary iron deprivation with and without supplemental Cu (FeD and FeDCuE groups) led to an increase in Cp expression (50-60%; p<0.001). Moreover, Cp expression in rats consuming the CuE diet was moderately increased (~27%), but this increase did not reach statistical significance.
In-gel serum ferroxidase and amine oxidase acitivity assays. Figure 4 , panel A depicts the product of the reaction catalyzed by serum protein using pPD as a substrate. Activity in the FeD, CuE and FeDCuE groups was noticeably higher than that of controls, while no activity was noted in samples derived from animals consuming the low Cu diets (CuD and FeDCuD). Results in Spectrophotometric serum ferroxidase and amine oxidase acitivity assays. As a complementary approach to in-gel assays, spectrophotometric Cp assays were developed, because quantification of data is more precise and different reaction times/conditions can be used. Extensive preliminary experiments were performed to optimize reaction conditions and to determine the stability of the enzyme under our purification and storage conditions. Pilot studies determined
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From that Cp enzyme activity was relatively stable for up to 3 days when serum was processed on ice and stored at 4 o C. As such, all assays were run by the end of the third day after serum was collected, with the vast majority of assays actually being run within 48 hours. Results from serum ferroxidase assays utilizing ferrozine (Fz) are depicted in Figure 5 , panel A. Ferroxidase activity was significantly increased in the FeD, CuE and FeDCuE groups as compared to controls (~90%, 80% and 120%, respectively; p<0.001). Activity was essentially absent in the rats consuming the low Cu diets (CuD and FeDCuD groups; p<0.001), while activity was completely abolished in all samples tested using NaN 3 as an inhibitor (data not shown). Note that NaN 3 is a known inhibitor of FOX-I (i.e. Cp). To confirm the increase in Cp activity noted in the FeD group and using the CuD and FeDCuD groups as controls, experiments were also performed spectrophotometrically using pPD as the substrate; serum amine oxidase activity, likely mediated by Cp, was thus measured. Figure 5, Cp activity and body iron levels.
The current investigation provides evidence that dietary iron deficiency in rats leads to . Another investigation however provides strong evidence of a positive effect of Cp in this process 36 . Of particular note is the observation that bleeding of mice combined with low dietary iron intake resulted in a dramatic shift of Cp into the lamina propria of the intestinal villus 37 . A model was proposed in which Cp was present in enterocytes and then released into the lamina propria in response to iron deficiency, where it presumably enhances iron release from enterocytes. Furthermore, although Cp knockout mice did not exhibit notable defects in intestinal iron transport 38 , the role of Cp during states of low iron-related stress was not determined. Also important to consider is the role of hephaestin in intestinal iron transport.
While Heph plays an undisputed role in iron absorption, the phenotype of sex-linked anemia (sla) mice (which lack functional Heph), suggests that another, redundant ferroxidase exists, as the anemia seen in these mutant mice resolves with age 16 . Additional studies are thus clearly warranted to further consider the physiological role of Cp in iron absorption, particularly during states of low iron stress.
A previous investigation demonstrated that the induction of Cp in HepG2 cells (a human, hepatoma cell line) by iron chelation or hypoxia was transcriptionally mediated via activation of the Cp promoter by hypoxia inducible factor 1α (HIF1α) 39 . The current observations however are not consistent with a hypoxia responsive transcription factor mediating the induction of Cp, as no change in Cp mRNA expression was noted. The livers of the experimental animals in the FeD groups were likely hypoxic as hemoglobin levels were significantly decreased. Moreover, there was a significant induction of hepatic Ankrd37 mRNA. Ankrd37 is a sensitive hypoxia responsive gene and a proven HIF1α target 40 ; in fact, it was previously shown to be the most strongly upregulated gene (~15-fold) in intestinal epithelial cells treated with an iron chelator that mimics hypoxia 41 . The current investigation thus demonstrates that the induction of Cp during dietary iron deficiency in this in vivo rodent model is mediated by a post-transcriptional mechanism; findings that lead to speculation that increased production of the active, Cucontaining form of the enzyme occurs in the copper loaded livers of these experimental animals.
Cp is synthesized in the liver in the apo (devoid of copper) and holo (replete with copper)
forms in more or less equal quantities 42 . The holo form, which is functional Cp enzyme, has a half-life of ~5 days 43 , while that of the apo form is estimated to be <6 hours 44 . The predominance of Cp in the circulation is thus holo-Cp. Serum Cp activity is drastically reduced during copper deprivation 45 , likely due to the fact that most Cp enzyme synthesized during low copper conditions is apo-Cp, which is rapidly catabolized. Given this role for copper in the synthesis of the functional Cp enzyme, it was important to also quantify Cp expression and activity when liver copper levels increase (e.g. during iron deficiency). This is particularly relevant given the fact that scant experimental evidence documenting increases in serum ferroxidase activity due to iron deficiency anemia exists 31,32 , and no plausible insight as to a potential mechanism has been put forth. Interestingly, one of these reports which describes This investigation documents increased Cp protein levels and serum ferroxidase activity in iron deficient rats and in those consuming higher copper levels. Statistical comparisons of the biological parameters analyzed here reveal strong correlations between Cp activity and serum and liver copper (Table 2 and Figure 6 ) allowing a reasonable conclusion to be drawn. It is
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hypothesized that increases in liver copper result in enhanced metallation of the Cp protein leading to a higher proportion of the holo form of the enzyme. This supposition is supported by the observation that Cp protein was increased and serum ferroxidase and amine oxidase activities were also significantly higher in rats with higher liver copper levels. Moreover, since Cu is a cofactor that is inserted co-translationally into the Cp protein in an energy independent fashion, it is reasonable to predict Cu (content) to be rate-limiting. A recent in vitro study in fact provides support for this hypothesis, as it was demonstrated that Cp protein expression increased in copper loaded HepG2 cells with no corresponding changes in mRNA expression 46 . Whether such a phenomenon occurs in vivo in other mammalian species is unknown, but the authors note a published report that documented increased Cp activity in a human patient suffering from acute copper toxicosis 47 . Perhaps the most common clinical condition in which patients present with liver copper loading is Wilson's disease 48 , in which the ATP7B copper exporter is dysfunctional. These individuals are unable to synthesis functional Cp enzyme though, as the ability of ATP7B to deliver copper to the secretory pathway is abolished.
It is also worthwhile to consider the body's handling of copper and to briefly consider how this could relate to the current observations. Dietary cupric copper must first be reduced by a brush-border reductase (perhaps Cybrd1) followed by transport into enterocytes via copper transporter 1 (Ctr1) 49 . Once in enterocytes, copper is bound to various chaperones that deliver it to different cellular locations. Atox1 delivers copper to the trans-Golgi where it is taken up by In summary, data presented in this manuscript support the possibility that Cp protein expression and activity are determined by liver copper levels. It was previously noted that this relationship existed in the negative direction whereby decreased hepatic copper content led to the production of non-functional Cp enzyme, but the current investigation now suggests that such a relationship also exists in the positive direction. Moreover, observations described in this manuscript provide evidence of a post-transcriptional mechanism underlying the induction of Cp protein and activity levels during iron deficiency anemia. A clear focus for future studies relates to recapitulating these observations in vitro so as to be able to precisely define the molecular mechanism underlying the induction of Cp protein and activity during hepatic copper loading. 
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Chen Ankrd37, ankyrin repeat domain protein 37. n = 7 for CuD group and n = 8 for all other groups.
Results are expressed as mean ± SD except for data in panel C, which are expressed as mean ± SEM (since a log scale is used). FeDCuD, n=4. Note that for ferrozine assay, we included additional samples derived from rats that were from a different study in which the dietary protocol and animal ages were identical. 
